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(54) Magnetic memory devices having multiple magnetic tunnel junctions therein 



(57) Magnetic memory devices are disclosed hav- 
ing multiple magnetic tunnel junctions therein writable 
together into an average state. For example, a magnetic 
random access memory ("MRAM") array is disctosed 
having respective pluralities of crossing first and second 
electrically conductive lines forming a plurality of inter- 
secting regions across the array. The array includes a 
plurality of magnetic memory cells, each disposed at a 
respective one of the plurality of intersecting regions. 
Each cell includes at least two magnetic tunnel junctions 
therein, writable together Into an average state, accord- 
ing to electrical and resultant magnetic stimuli applied 



thereto via a respective first and second conductive line. 
The at least two magnetic tunnel junctions provided in 
each magnetic memory cell provide a predictable mag- 
netic response for all cells across the array Only the cell 
at an Intersecting region selected by stimuli applied via 
each of the first and second electrically conductive lines 
forming the selected region is written, and other cells 
along the first and second electrically conductive lines 
forming the selected region are not written. An operating 
window of applied electrical and therefore magnetic 
stimuli can be defined to ensure cell selectivity across 
the memory array. 
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Description 
Technical Field 

[0001] TTiis application relates to magnetic devices, 
e.g., magnetic random access memory ("MRAM") de- 
vices, formed from magnetic tunnel junction ("MTJ") de- 
vices writable with magnetic stimuli. 

Background of the Invention 

[0002] As discussed in detail in the above-incorporat- 
ed U.S. Patents, the electrical resistance of a properly 
formed magnetic tunnel junction memory cell depends 
on a magnetic writing stimulus applied to the junction. 
The cell response Is hysteretic and the cell therefore re- 
tains some memory of the applied magnetic writing stim- 
ulus. The remnant magnetic configuration of the tunnel 
junction device, and its resultant electrical resistance 
value, is the basis for the application of such devices to 
electrically accessed MRAM arrays. 
[0003] To fabricate a large and reliably accessed 
MRAM array containing thousands or millions of cells 
on a single chip, uniformity and predictability of the mag- 
netic response characteristic of each cell is of great im- 
portance. However, due to many factors related to man- 
ufacturing uncertainties and intrinsic magnetic variabil- 
ity, cell tocell response variations can be very large. This 
magnetic response variability from cell to cell directly im- 
pacts the electrical and resultant magnetic writing stim- 
ulus needed to access each cell, and therefore prevents 
array-wide selectivity to occur using a preferred, fixed 
electrical and resultant magnetic writing stimulus value. 
[0004] As an example, and with reference to Figs. 1a- 
b, in an MRAM array, cells are positioned at the inter- 
sections of an exemplary rectangular grid of electrically 
conductive lines 1 -6. The lines are arranged over a sub- 
strate and cross, thereby forming intersecting regions at 
which the cells are positioned, e.g., cell 9. As discussed 
further below, each cell normally comprises a free mag- 
netic region 24 and a reference magnetic region 22. 
(The term reference region Is used broadly herein to de- 
note any type of region which, in cooperation with the 
free or changeable region, results in a detectable state 
of the device as a whole.) The ability of this type of cell 
to store electrically accessible data hinges on electron 
tunnelling between these two regions, which in turn is 
dependent on the relative directions of magnetization of 
these two regions. Rotating the magnetization in the free 
region into one of two (possible more) selectable direc- 
tions in a bi-stable manner results in binary state stored 
in the cell. If the cell is oriented with its magnetic easy- 
axis ("EA") horizontal then an electrical writing current 
flowing through a vertical line will apply an EA magnetic 
field, and a current flowing through a horizontal line will 
apply a hard-axis ("HA") ntagnetic field, to the cell. 
[0005] In one implementation of MRAM cells, the writ- 
ing of individual cells adheres to a concept referred to 



as the "asteroid" for switching. The switching threshold 
of a single free region depends on the combination of 
EA and HA magnetic fields applied thereto. This "Ston- 
er-Wohlfarth" asteroid model, shown in Fig. 2a, illus- 
5 trates these threshold values in the plane of applied EA 
and HA fields. Switching occurs when a combination of 
EA and HA fields at the cell results in a vector outside 
of the asteroid. Vectors inside the asteroid will not switch 
the cell from one of its current bi-stable states. This as- 
teroid model also illustrates how the EA field needed to 
switch a device is reduced in the presence of an HA bias 
field. Selectively switching a single cell within the array 
is achieved by applying electrical currents through a se- 
lected pair of horizontal and vertical lines. These cur- 
rents generate a combination of EA and HA fields only 
at the cell located at the intersection of these lines, the- 
oretically switching the selected cell, but not the neigh- 
bouring cells. 

[0006] All the cells along the horizontal line will expe- 
rience the same applied HA field. Similarly all the cells 
along the vertical line will experience the same applied 
EA field. However, only the cell at the intersection of 
these lines will experience the combination of both fields 
necessary for switching. 

[0007] Problems arise when the thresholds of the as- 
teroid vary from cell to cell, and from hysteresis loop to 
hysteresis loop in the same cell. This leads to a broad- 
ening of the asteroid into a band of threshold values as 
shown in Fig. 2b. Since the ability to selectively switch 
cells hinges on all cells except one along a line not being 
switched under a single applied HA or EA field, if this 
band of the asteroid broadens too much, then it is no 
longer possible to selectively write individual cells, with 
equivalent writing stimuli, since other non -selected cells 
along the lines will also switch. 
[0008] Fig. 3 illustrates the variability in the magnetic 
response for 12 neighbouring MRAM devices, actually 
measured by the instant inventors, taking 2 EA writing 
loops for each device, for different HA bias fields (Hh). 
Each plot shows the measured resistance change, in 
percent, versus the applied EA field, for each given HA 
bias field (He). (These plots also illustrate how the hys- 
teretic response of the cells depends on the applied HA 
bias field. To provide the above-mentioned cell selectiv- 
ity using intersecting lines, it is desirable to operate with 
some applied HA bias field on one line, and an applied 
EA field on the other, i.e., Hy^ and Hx2 in Fig. 2. How- 
ever, it is also desirable to retain some hysteresis, so 
that the cell remains in one of two bi-stable states when 
the applied EA and HA fields are removed.) This varia- 
bility can be summarized on an "asteroid" plot in which 
the HA bias field is plotted versus the EA coercive field 
for these loops (Fig. 4). For this set of devices, there is 
so much scatter that there is no effective applied stim- 
ulus operating window for these cells, i.e., there is no 
set of applied EA and HA fields that would switch each 
cell if applied thereto together, and that would switch 
none of the cells if either is applied separately 
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[0009] Whether using the above^iiscussed asteroid 
selectim model, or any other selection model, a major 
challenge in the successful Implementation of an MRAM 
array with effective cell selectivity Is the fabrication of 
many memory cells with nearly identical electrical and 5 
magnetic properties. This is particularly difficult for mag- 
netic devices since their response is sensitive not only 
to local defects but also to edge or surface roughness. 

Summary of the Invention 

[0010] It is an object of the present Invention to pro- 
vide a technique which overcomes the above draw- 
backs. 

[0011] According to the present invention we provide 
a magnetic device, operable using at least one elec- 
trode, comprising: at least two magnetic tunnel junc- 
tions, writable together Into an average state, according 
to magnetic stimuli applied thereto via said at least one 
electrode. 

[0012] Further according to the present invention we 
provide a method for storing an average state in a mag- 
netic device using at least one electrode, comprising: 
using at least two magnetic tunnel junctions, writable to- 
gether into said state, according to magnetic stimuli ap- 
plied thereto via said at least one electrode. 
[0013] In that regard, in one aspect, the present In- 
vention relates to a magnetic device, e.g., memory cell, 
operable using at least one electrode, and comprising 
at least two magnetic tunnel junctions, writable together 
into an average state, according to magnetic stimuli ap- 
plied thereto via the first and second electrodes. 
[0014] This device may be used as a magnetic mem- 
ory cell in a memory array, which Includes respective 
pluralities of crossing first and second conductive lines 
forming a plurality of intersecting regions across the ar- 
ray. A plurality of magnetic memory cells, each disposed 
at a respective one of the plurality of intersecting regions 
is provided, and each cell has at least two magnetic tun- 
nel junctions therein. The predictable, average re- 
sponse provided by the at least two magnetic tunnel 
junctions in each cell results in the characteristic that 
only the cell at an intersecting region selected by a mag- 
netic stimuli applied via the first and second conductive 
lines forming the selected intersecting region is written, 
and other cells along the first and second conductive 
lines forming the selected intersecting region are not 
written. 

[001 5] The at least two magnetic tunnel junctions may 
be arranged between first and second electrodes in se- 
ries, or. alternatively, in parallel to accept the magnetic 
stimuli. 

[001 6] Each of the at least two magnetic tunnel junc- 
tions may include a first region having a reference di- 
rect bn of magnetization, and a second, free region hav- 
ing a direction of magnetization changeable according 
to the magnetic stimuIL 

[0017] The first, reference region of each of the at 



least two magnetic tunnel junctions may be part of a sin- 
gle, cohesive magnetic region having the reference di- 
rection of magnetization. 

[0018] The second, free region of each of the at least 
two magnetic tunnel junctions may comprise a magnetic 
granule, possibly disposed in a region patterned out of 
a magnetic media type material, having multiple mag- 
netic granules therein, each magnetic granule therefore 
forming a respective second region. 
[001 9] The second, free region of each of the at least 
two magnetic tunnel junctions may comprise anti-paral- 
lel directions of magnetization therein together change- 
able according to the electrical and resultant magnetic 
stimuli applied thereto, one of the anti-parallel directions 
of magnetization effecting cell tunnelling in connection 
with its respective first region, the anti-parallel directions 
of magnetization providing the further characteristic of 
minimizing the mutual magnetic coupling with other 
magnetic tunnel junctions in the magnetic memory cell. 
[0020] The multiple rr^gnetic tunnel junctions per de- 
vice disclosed herein provide the advantage for a mag- 
netic memory that memory cell selectivity can be pro- 
vided on an array-wide basis using a defined operating 
window of magnetic stimuli applied via the bit lines and 
word lines. Further, since each cell is formed from mul- 
tiple tunnel junctions, when the average response of the 
tunnel junctions in each cell Is used, operation of the 
array is not significantly impacted by a small number of 
defective tunnel junctions. 

Brief Description of the Drawings 

[0021] The invention, together with further objects 
and advantages thereof, may best be understood by ref- 
erence to the following detailed description of the pre- 
ferred emtKxJiment(s) and the accompanying drawings 
In which: 

Fig. 1 depicts an MRAM array having magnetic 
memory cells disposed at the intersecting regions 
of crossing bit lines and word lines; 
Fig lb depicts exemplary layers forming a single 
one of the magnetic memory cells of Fig. la; 
Fig. 2a Is an "asteroid" model of the magnetic re- 
sponse of a single, ideal magnetic tunnel junction; 
Fig. 2b is an "asteroid" model of the magnetic re- 
sponse of single magnetic tunnel junction cells, 
each cell having an unpredictable response and 
therefore narrowing the operating window of elec- 
trical and magnetic stimuli values possible to effec- 
tively operate an array of such cells; 
Fig. 3 comprises plots of test data collected Illus- 
trating the varying responses of single magnetic 
tunnel junction cells; 

Fig. 4 is an "asteroid" plot summarizing the data de- 
picted in Fig. 3; 

Fig. 5 is an "asteroid" of the averaged data of Fig. 4; 
Fig. 6 comprises plots of test data collected for four 
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(4) magnetic memory cells employing the principles 
of the present invention, i.e., multiple magnetic tun- 
nel junctions in each memory cell; 
Fig. 7 is an 'asteroid' plot summarizing the data de- 
picted in Fig. 6; 

Fig. 8 is an ■asteroid' of the averaged data of Fig. 7; 
Fig. 9 depicts a first embodiment of the multiple 
magnetic tunnel junction cell of the present inven- 
tion, in which the magnetic tunnel junctions are ar- 
ranged in parallel; 

Fig. 10 depicts a second embodiment of the multi- 
ple junction cell of the present invention, in which 
the magnetic tunnel junctions are arranged in se- 
ries; 

Fig. 11 depicts another embodiment of the present 
invention in which magnetic granules are used to 
form the multiple magnetic tunnel junctions in a sin- 
gle cell; 

Fig, 12 depicts a magnetic media patterning ap- 
proach to fonming multiple magnetic granule cells; 
Fig. 13 depicts another embodiment of the present 
invention in which a magnetic memory cell compris- 
es multiple magnetic tunnel junctions, each having 
a free region comprising layers with anti-parallel di- 
rections of magnetization; 

Fig. 14 depicts another embodiment of the present 
invention in which a magnetic memory cell compris- 
es multiple, elongated magnetic tunnel junctions 
therein; and 

Figs. 15a-b depict the additional design flexibility, 
including field shape customization, provided by the 
present Invention. 

Detailed [description of the Preferred Embodiment 

[0022] The present inventors have discovered that by 
averaging the magnetic response data over multiple 
tunnel junctions, a better and more predictable magnetic 
response can be obtained. For example, averaging the 
scattered data of Fig. 4 results in the somewhat more 
predictable asteroid shape of Fig. 5. The present inven- 
tors then implemented, and measured the response of, 
eight (8) magnetic tunnel junctions arranged in parallel 
as one memory cell, and measured the response of four 
(4) such multiple-junction cells with similar junctions, but 
located far from each other, in the same array The re- 
sults of these measurements are shown In Fig 6. The 
observed scatter is due to increasing to 20 the number 
of loops taken. The 20-loop asteroid data of these mul- 
tiple-junction cells (Fig. 7) is much improved over the 
asteroids of each of the individual junctions, and the av- 
erage asteroid over all loops, all devices (Fig. 8) is clos- 
er yet to the ideal asteroid shape. Despite the variability 
of junction properties across the wafer, the asteroid for 
the combination of these four junctions still provides a 
window of operation so that selective switching is pos- 
sible. 



[0023] In this regard, and In accordance with the prin- 
ciples of the present invention, a plurality of magnetic 
tunnel junctions is employed in a single magnetic de- 
vice, e.g.. a memory cell of an MRAM array The single 

5 magnetic tunnel junction ("MTJ") cell 9 of Figs, la-b is 
therefore improved by providing multiple tunnel junc- 
tions therein. Alternate embodiments of the multiple 
MTJ cell of the present invention are discussed below 
with reference to Figs. 9 to 14, however, by way of fur- 

10 ther Introduction, the array of Figs, la-b is now dis- 
cussed in greater detail, and in accordance with the 
above- incorporated, commonly assigned U.S. Patents. 
[0024] With reference to Fig. la, an exemplary MRAM 
array includes a set of electrically conductive lines that 

15 function as parallel word lines 1 , 2, and 3 in a horizontal 
plane, and a set of electrically conductive lines that func- 
tion as parallel bit lines 4, 5, and 6 in another horizontal 
plane. The bit lines are oriented in a different direction, 
e.g., at right angles to the word lines, so that the two 

20 sets of lines intersect when viewed from above. A mem- 
ory cell, such as typical memory cell 9 shown in detail 
in Fig. lb, is located at each crossing point of the word 
lines and bit lines in the intersection region vertically 
spaced between the lines. Three word lines and three 

25 bit lines are illustrated in Fig. la. but the number of lines 
would typically be much larger. The memory cell 9 is ar- 
ranged in a vertical stack and may include a diode 7 and 
a magnetic tunnel junction ("MTJ") 8. During operation 
of the array, current flows in a vertical direction through 

30 the cell 9. The vertical current path through the memory 
cell permits the memory cell to occupy a very small sur- 
face area. Contact to the word lines, the MTJ, the diode, 
and the contact to the bit line ail occupy the same area. 
While not shown in Fig. la, the array may be formed on 

35 a substrate, such as a silicon substrate on which there 
would be other circuitry. Also, a layer of insulating ma- 
terial is usually located between the bit lines and word 
lines at regions of the MRAM other than the intersecting 
regions. 

40 [0025] The structure of the memory cell 9 is described 
in more detail with reference to Fig lb. The memory cell 
9 is formed on and in contact with a word line 3 (Fig. 
la). The memory cell 9 comprises a vertical stack of a 
diode-like device, e.g., silicon junction diode 7, and an 

45 MTJ 8 in electrical series connection. The diode 7 is a 
silicon junction diode that comprises an n-type silicon 
layer 1 0 and a p-type silicon layer 11 . The diode's p-type 
silicon layer 11 is connected to the MTJ 8 via a tungsten 
stud 1 2. The diode's n-type silicon layer 1 0 is connected 

50 to word line 3. 

[0026] The MTJ 8 may be formed of a series of layers 
of material stacked one on top of the other. The MTJ 8 
of Fig. lb comprises a template layer 15, such as Pt, 
an initial ferrormgnetic layer 16, such as permalloy (Ni- 

55 Fe), an antiferromagnetic layer (AF) 1 8, such as Mn-Fe, 
a fixed or "pinned* type of reference ferromagnetic layer 
(FMF) 20, such as Co, Fe or permalloy, a thin tunnelling 
barrier layer 22 of alumina (AI2O3), a soft, changeable 
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"free" ferromagnetic layer (FMS) 24, such as a sandwich 
of thin Co-Fe with perrnalloy, and a contact layer 25, 
such as R. 

[0027] The free layer is fabricated to have a preferred 
axis for the direction of magnetization called the easy 
axis ("EA"). There are two possible directions of mag- 
netization of the free layer along this easy axis which 
define the two states of the memory cell. In contrast, the 
reference layer may be fabricated to have only one pre- 
ferred direction of magnetizatbn, called its unidirection- 
al anisotropy direction, and this direction is parallel to 
the easy axis of the free layer. The desired easy axis for 
the free layer is set by some combination of intrinsic an- 
isotropy, strain-induced anisotropy and shape anisotro- 
py of the MTJ. The MTJ and free layer depicted may be 
made in the shape of a rectangle of length L and width 
W, where L is larger than W (Fig. lb). The magnetic 
moment of the free layer prefers to align along the di- 
rection of L. 

[0028] The unidirectional anisotropy direction of the 
reference layer is set by growing the Fe-Mn AF layer 1 8 
on the initial ferronnagnetic layer 16, which is itself grown 
on the template layer 15, such as Pt or Cu or Ta. The 
template layer 15 induces a 111 crystallographic texture 
in the initial ferromagnetic layer 16. These layers are 
deposited in a magnetic field directed parallel to the de- 
sired easy axis of the free layer, creating the desired 
intrinsic unidirectional anisotropy direction of the refer- 
ence layer. Alternatively, the AF layer can be deposited 
on the template layer in a sufficiently large magnetic field 
parallel to the said easy axis while heating the substrate 
to a temperature higher than the blocking temperature 
of the AF material. In this alternative, the initial ferro- 
magnetic layer 16 is not required. It is also possible to 
take advantage of the magnetostriction of the fixed layer 
to develop, during processing, a magnetic anisotropy 
which aligns magnetization along the applied magnetic 
field direction during deposition. 
[0029] Because of exchange coupling between the 
reference and AF layers, the magnetization direction of 
the reference layer is more difficult to change than that 
of the free layer In the range of fields applied by currents 
through the bit and word lines, the magnetization direc- 
tion of the reference layer Is fixed or pinned, in this em- 
bodiment. Shape anisotropy of the reference layer, 
which follows the shape anisotropy of the MTJ, provides 
additional stability of the magnetization direction of the 
fixed layer The magnetic fields applied to write the 
memory cell are large enough to reverse the direction 
of magnetization of the free layer, but not the direction 
of the reference layer Thus, the magnetization off the 
fixed layer does not change direction during operation 
of the memory cells in the MRAM. 
[0030] During array operation, when a sufficiently 
large current is passed through both a write line and a 
bit line of the MRAM, the self -field of the combined cur- 
rent at the intersection of the write and bit lines will rotate 
the magnetization of the free layer of the single partic- 



ular MTJ located at the intersection of the energized 
write and bit lines. The current levels are designed so 
that the combined self-field exceeds the switching field 
of the free layer This self-field is designed to be much 
5 smaller than the field required to rotate the magnetiza- 
tion of the reference layer The cell array architecture is 
designed so that the write currents do not pass through 
the MTJ Itself. The memory cell is read by passing a 
sense current perpendicularly through the diode and 
MTJ from the reference layer through the tunnel junction 
barrier to the free layer (or vice versa). Since the resist- 
ance of the AlgOg tunnel barrier is strongly dependent 
on the thickness of the AI2O3 layer, approximately var- 
ying exponentially with the thickness of this layer, this 
means that the electrical current largely flows perpen- 
dk;u!arty through the AI2O3 tunnel barrier The probabil- 
ity of a charge carrier tunnelling across the barrier falls 
off strongly with increasing AlgOg thickness so the only 
carriers that tunnel across the junction are those which 
traverse perpendicular to the junctbn layer The state of 
the memory cell is determined by measuring the resist- 
ance of the memory cell when a sense current, much 
smaller than the write currents, is passed perpendicu- 
larly through the MTJ. The self-field of this sense or read 
current is negligible and does not affect the magnetic 
state of the memory cell. The probability of tunnelling of 
charge carriers across the tunnel barrier depends on the 
relative alignment of the magnetic moments of the free 
and the reference layers. The tunnelling current is spin 
polarized, which means that the electrical current pass- 
ing from one of the ferromagnetic layers, for example, 
the fixed layer, is predominantly composed of electrons 
of one spin type (spin up or spin down, depending on 
the orientation of the magnetization of the ferromagnetic 
layer). The degree of spin polarization of the current is 
determined by the electronic band structure of the mag- 
netic material comprising the ferromagnetic layer at the 
interface of the ferromagnetic layer with the tunnel bar- 
rier The first ferromagnetic layer tunnel barrier thus acts 
as a spin filter The probability of tunnelling of the charge 
carriers depends on the availability of electronic states 
of the same spin polarizatbn as the spin polarization of 
the electrical current in the second it ferromagnetic lay- 
er Usually, when the magnetic moment of the second 
ferromagnetic layer is aligned to the magnetk; moment 
of the first ferromagnetic layer, there are more available 
electronic states than when the magnetic moment of the 
second ferromagnetic layer is aligned anti-aligned to 
that of the first ferromagnetic layer Thus, the tunnelling 
probability of the charge carriers is highest when the 
magnetic moments off both layers are aligned, and is 
lowest when the magnetic moments are anti-aligned. 
When the moments are arranged, neither aligned nor 
anti-aligned, the tunnelling probability takes an interme- 
diate value. Thus, the electrical resistance of the cell de- 
pends on both the spin polarization of the electrical cur- 
rent and the electronic states in both of the ferromag- 
netic layers. As a result, the two possible magnetization 
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directions of the free layer uniquely define two possible 
bit states (0 or 1 ) of the memory cell. 
[0031] In accordance with the present Invention, and 
with reference to Fig. 9, a magnetic memory cell 109 is 
provided between conductive lines 103 and 105 (alter- 
natively referred to herein as electrodes, the term elec- 
trode broadly defined as capable of imposing an elec- 
trical and/or magnetic stimulus) . Cell 109 includes at 
least two magnetic tunnel junctions 108a and 1 08b. The 
exemplary embodiment of Fig. 9 shows the magnetic 
tunnel junctions 108a and 108b arranged in parallel to 
accept the electrical and resultant magnetic stimuli ap- 
plied thereto via lines 103 and 105. As discussed in de- 
tail above, each magnetic tunnel junction may include a 
respective reference region 120a, 120b; a respective 
tunnelling region 122a. 122b; and a respective free re- 
gion 124a, 124b. The writing of the magnetic memory 
cell is effected by changing the direction of nrragnetiza- 
lion In the free regions according to the electrical and 
resultant magnetic stimuli applied via lines 103 and 105, 
which is symbolically noted by the opposing arrows 
drawn in the free regions, relative to the single an-ow In 
the reference region. 

[0032] In accordance with the present invention, It is 
the average response of all of the tunnel junctions in 
each cell which is exploited to provide the effective op- 
erating window of electrical and resultant magnetic stim- 
uli across the array, which in turn provides effective cell 
selectivity. Therefore, the multiple junctions in each cell 
can be considered as holding an average state, but in- 
dividual junctions may in fact be at different respective 
states within each cell. 

[0033] Further, and as shown in dotted line fashion In 
Fig. 9, reference regions 120a and 120b, and tunnelling 
regions 1 22a and 1 22b could actually comprise respec- 
tive portions of single, cohesive layers, whereas the free 
regions 1 24a and 1 24b are required to be separate, pos- 
sibly separated by a magnetically insulating material, 
thereby effecting separate respective tunnelling opera- 
tions for each of the at least two tunnel junctions in each 
cell. The regions 1 24a and 1 24b are required to be mag- 
netically independent, e.g.. exchange decoupled. 
Therefore, multiple tunnel junctions are effected by the 
presence of multiple free regions, in accordance with the 
present invention. 

[0034] The same techniques employed to form the 
magnetic memory cells in the above -incorporated, com- 
monly assigned U.S. Patents can be used to form the 
multiple tunnel junction cells of the present invention. 
The multiple tunnel junctions in each cell can be pat- 
terned using e-beam lithography, interference lithogra- 
phy, STf^ lithography, or stamping into resist, or other 
known techniques to define small devices. 
[0035] With reference to Fig. 10, an alternate embod- 
iment of the present invention Is depicted wherein mag- 
netic memory cell 209 includes separate tunnel junc- 
tions 208a and 208b arranged in series between lines 
203 and 205 to accept the electrical and resultant mag- 



netic stimuli. This magnetic memory cell structure can 
be formed In accordance with the techniques described 
in the above-incorporated commonly assigned U.S. Pat- 
ents, by adding additional layers to define the additional 

5 magnetic tunnel junctions within each cell. 

[0036] In yet another alternate embodiment of the 
present invention, and with reference to Fig. 11, a mag- 
netic memory cell 309 is provided having multiple mag- 
netic tunnel junctions 308a-h therein, each having mu- 

^0 tually magnetically decoupled free regions 324a-h (not 
all of which are designated, for clarity), and including a 
single tunnelling layer 322. In this exemplary embodi- 
ment, an exemplary underlying reference region 320 Is 
shown comprising a single, cohesive magnetically 

^5 pinned layer. The multiple, decoupled nnagnetic "gran- 
ules" forming the single magnetic memory cell can be 
formed by, for example, depositing magnetic granules 
on top of an insulator, and then embedding them in a 
non-magnetic matrix, co-deposltlon of insulating and 

20 conducting materials, or Isolating grains. 

[0037] In one embodiment, the free layers of the de- 
vices are deposited in the form of a succession of at 
least two thin layers: alternating magnetic material and 
non-magnetic material (such as silver). Upon annealing, 

25 the thin layers of magnetic material segregate into mag- 
netically decoupled grains. It is believed that the silver 
diffuses into the grain boundaries of the thin magnetic 
layers and breaks the exchange coupling between 
them. 

30 [0038] In another embodiment, each magnetk: gran- 
ule could be formed as a sphere having an encircling 
tunnel junction layer, which together are thereafter de- 
posited over the pinned layer. 

[0039] Fig. 12 illustrates another potential fabrication 

3S technique for the granule approach of Fig. 11, wherein 
cell regions, e.g., cell region 409 having granules 40Ba- 
e therein, are patterned from a layer 424 resembling a 
planar magnetic media. In this regard, magnetic media 
layer 424 can be deposited, and thereafter patterned, 

40 thereby forming the cell regions, e.g., 409, each having 
multiple magnetic granules therein. 
[0040] In prior approaches, menoory cells based on 
tunnel junction devices typically used a continuous me- 
tallic film. Although these films are often polycrystalline, 

45 the magnetization in the grains is strongly exchanged 
coupled so that, magnetically, each cell acts as a con- 
tinuous film and a single junction device. The present 
invention is directed to the use of a granular film similar 
to that used in magnetic recording as thin film media. 

50 These films are made with grains that are magnetically 
decoupled from an exchange interaction point of view. 
The grains are not exchanged coupled although they will 
have some magnetostatic interaction. 
[0041] In the memory cell of the present invention. 

55 each particle or grain is a separate junction. As each 
particle is different and located differently, each junction 
will switch at a slightly different coercive filed. When op- 
erating the memory cell, it is not necessary to switch all 
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the junctions in the selected cell but just to switch a ma- 
jority of them so that the written state can be detected 
during read. Similarly, it is not necessary to not switch 
all the junctions in a non-selected cell, just to leave the 
majority of junctions unperturbed so that the storage s 
state is not modified. 

[0042] For example, consider a cell that is exercised 
to switch between a "0" and a "1 ■ state and then back 
again. The writing process is not perfect and the stored 
state in not completely stable. Under the writing stimu- 
lus, at least 90% of the junctions are first switched to the 
"1 ■ state, and less than 1 0% switch back because of per- 
turbing fields. The read-back signal from the stored "1" 
state is then at least 80% of the full signal. Similarly up- 
on switching the device back to "0", at least 90% of the 
junctions are switched and less than 10% are later dis- 
turbed by other fields. The read-back from the stored "0" 
is at most 20% of the full signal. 
[0043] The final result is that the separation between 
the two stored states may now be as small as 60% of 
the full signal. In exchange for this reduction, it is no 
longer necessary to guarantee the switching of every 
junction under a write stimulus nor the stability of every 
junction under perturbing fields. 
[0044] In summary, multiple exchange-decoupled 
grains in memory cells allow for a tradeoff between sig- 
nal amplitude and reproducibility in the switching thresh- 
old. 

[0045] As discussed above, the underlying reference 
region 420 and tunnelling region 422 in this type of cell 
can comprise single, cohesive layers. Further, as dis- 
cussed above, the overlying and underlying crossing 
conductive lines 402, 403, 405 and 406 are provided for 
writing and reading each cell region. 
[0046] In another alternate embodiment of the 
present invention, with reference to Fig. 13, a magnetic 
memory cell 509 comprising separate tunnel junctions 
508a, 508b and 508c is provkJed. In this embodiment, 
each tunnel junctk>n includes a respective pinned region 
e.g., 520a, a respective tunnelling region, e.g., 522a, 
and a respective anti-parallel free region, e.g., 524a, 
comprising two regions having changeable, but oppos- 
ing directions of magnetization therein. The bottom re- 
gion of magnetization in region 524a effects tunnelling 
in connection with the pinned layer 520a, through tun- 
nelling layer 522a. However, the presence of both op- 
posing directions of magnetization in region 524a (and/ 
or the pinned or reference region 520a) results in a lower 
net magnetization, and thus magnetic tunnel junction 
508a reduces any field coupling to the adjacent tunnel 
junctions 508b and 508c. Using the anti-parallel, free 
regions (and/or the pinned or reference region) in each 
tunnel junction reduces the field coupling between the 
tunnel junctions, and thus ensures magnetic independ- 
ence thereof. The anti-parallel regions can be imple- 
mented according to the principles of commonly as- 
signed U.S. Patent 5,341,118, incorporated herein by 
reference in its entirety. 



[0047] In another alternate embodiment of the 
present invention, with reference to Fig. 14, nrtagnetk; 
memory cell 609 is provided and includes six tunnel 
junctions 608a-f between word line 603 and bit line 605. 
In this embodiment, the tunnel junctions are designed 
to be longer than the width of line 605, so that the more 
stable magnetic properties toward the middle of the 
elongated free regions are relied upon for cell operation, 
rather than the more magnetically unstable end portbns 
thereof. This concept is developed In greater detail in 
the atx)ve-incorporated U.S. Patent Application, ■LIM- 
ITING MAGNETIC WRITING FIELDS TO A PRE- 
FERRED PORTION OF A CHANGEABLE MAGNETIC 
REGION IN MAGNETIC DEVICES." 
[0048] The present invention, by providing multiple 
magnetic tunnel junctions In each nriagnetic memory 
celt, Increases the predictability of the resp}onse of each 
respective cell, and thus provkies cell selectivity on an 
array-wide basis. As discussed in detail above, the cell 
selectivity Is improved because the average response 
of each cell can be predicted such that an operating win- 
dow of applied electrical and therefore magnetic stimuli 
can be used. A set of applied easy axis and hard axis 
fields can therefore be identified that switches cells if 
applied together, but that would not switch cells if either 
Is applied separately, i.e., cells along either the asserted 
bitline or word line other than the cell at the intersection 
of the asserted bitline and wordline. 
[0049] Another feature/advantage of the present in- 
vention is that by providing multiple magnetic tunnel 
junctions in each cell, there Is a built-in tolerance for de- 
fective junctions. A defective junction, for example, one 
with no response to the applied electric/magnetic stim- 
uli, will not affect the overall performance of the array 
since it is the average response over noany junctions 
that effects the storage of the state in each cell. In con- 
trast, In an embodiment where only one tunnel junctkxi 
is used for each cell, a defective tunnel junction will com- 
pletely eliminate the ability to store data in a given cell, 
and therefore defeat the operation of the entire array 
[0050] Another feature/advantage of the present in- 
vention is that by providing multiple tunnel junctions in 
each cell, the numbers of junctions, and their layout and 
spacing, can be advantageously tailored to effect cus- 
tomized magnetic parameters of the array. For example, 
with reference to Figs. 15a-b. multiple junction cell 709 
may include junctions 708a-j therein arranged with the 
spacing and layout shown, at a microscopic, micromag- 
netic level. However, the macroscopk;, macromagnetic 
stimulus fieki shape 710 results from this spacing and 
layout, and can therefore be customized as required in 
accordance with particular system requirements. 
[0051] Although the invention herein was disclosed in 
connection with MRAM, the Improvements disclosed 
herein are also applicable to other devices that could be 
made from such junctions. In particular, these improve- 
ments could be applied to magnetic devices in general, 
including logic devktes, sensors and magnetic recording 
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heads. 

[0052] The principles of the present invention can be 
used along, or in conrtbination with others disclosed in 
the above-identrfied, co-filed U.S. Patent Applications. 
For example, asynnmetric cell arrangement and stimu- 
lus approaches can be used such as those disclosed in 
the U.S. Patent Application entitled 'INTENTIONAL 
ASYMMETRY IMPOSED DURING FABRICATION 
AND/OR ACCESS OF MAGNETIC TUNNEL JUNC- 
TION DEVICES." Further, by restricting the magneto- 
resistive electrical interaction to a preferred portion of 
the changeable magnetic region(s), improved hystere- 
sis loops can be achieved In accordance with the prin- 
ciples of the U.S. Patent Application entitled "LIMITING 
MAGNETORESISTIVE ELECTRICAL INTERACTION 
TO A PREFERRED PORTION OF A CHANGEABLE 
MAGNETIC REGION IN MAGNETIC DEVICES." Also, 
the magnetic writing fields can be limited to a preferred 
portion of the changeable nnagnetic regions of each of 
the multiple tunnel junctions in accordance with the prin- 
ciples of the above-incorporated U.S. Patent Application 
entitled "LIMITING MAGNETIC WRITING FIELDS TO 
A PREFERRED PORTION OF A CHANGEABLE MAG- 
NETIC REGION IN MAGNETIC DEVICES." 



forming said selected Intersecting region are 
not written. 

3. The magnetic memory cell of claim 1 , wherein the 
5 at least two magnetic tunnel junctions are arranged 
in series between first and second electrodes of the 
at least one electrode to accept the magnetic stimuli 
therefrom. 

10 4, The magnetic mernory cell of claim 1, wherein the 
at least two magnetic tunnel junctions are arranged 
in parallel between first and second electrodes of 
the at least one electrode to accept the magnetic 
stimuli therefrom. 

IS 

5. The magnetic device of any preceding claim, 
wherein each of the at least two magnetic tunnel 
junctions comprises: 

20 a first region having a reference directbn of 

magnetization; and 

a second region having a direction of magneti- 
zation changeable according to the magnetic 
25 stimuli applied thereto. 



Claims 6. 

1. A magnetic device, operable using at least one 
electrode, comprising: 30 

at least two magnetic tunnel junctions, writable 
together Into an average state, according to 7. 
magnetic stimuli applied thereto via said at 
least one electrode. ^ 

2. The magnetic device of claim 1 in combination with 

a memory array, said magnetic device comprising 8. 
a magnetic memory cell of said memory array, said 
combination including: 40 

respective pluralities of crossing first and sec- 
ond electrically conductive lines forming a plu- 
rality of Intersecting regions across the array; 9. 
and 45 
a plurality of magnetic memory cells, Including 
said magnetic memory cell, each disposed at a 
respective one of the plurality of intersecting re- 10. 
gions, each of the plurality of magnetic memory 
cells having at least two magnetic tunnel junc- so 
tions therein, and therefore a substantially uni- 
form magnetic response, such that only the cell 
at an intersecting region selected by electrical 
and resultant magnetic stimuli applied via each 
of the first and second electrically conductive 55 11. 
lines forming said selected intersecting region 
is written, and cells other than the cell along the 
first and second electrically conductive lines 



The magnetic device of claim 5, wherein the first 
region of each of the at least two magnetic tunnel 
junctions is part of a single, cohesive magnetic re- 
gion having said reference direction of magnetiza- 
tion. 

The magnetic device of claim 5, wherein the second 
regions of the at least two magnetic tunnel junctions 
are formed to be mutually magnetically decoupled 
from each other. 

The magnetic device of claim 7, wherein the second 
regions of the at least two magnetic tunnel junctions 
comprise respective layers arranged co-planar to 
each other and separated by a non-magnettc ma- 
terial. 

The magnetic device of claim 7, wherein the second 
region of each of the at least two magnetic tunnel 
junctions comprises a magnetic granule. 

The magnetic device of claim 9, wherein the second 
regions of the at least two magnetic tunnel junctions 
together comprise a region patterned out of a mag- 
netic media having multiple magnetic granules 
therein, each magnetic granule forming a respec- 
tive second region. 

The magnetic device of claim 1 , wherein each of the 
at least two magnetic tunnel junctions comprises: 

a first region having a reference direction of 
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magnetization; and 

a second region having anti-parallel directions 
of magnetization therein together changeable 
according to the electrical and resultant mag- 
netic stimuli applied thereto, one of the anti-par- 
allel directions of magnetization effecting cell 
tunnelling in connection with its respective first 
region, the anti-parallel directions of magneti- 
zation minimizing the mutual magnetic coupling 
with other magnetic tunnel junctions in said 
magnetic menoory cell. 

1 2. A method for storing an average state in a nnagnetic 
device using at least one electrode, comprising: 

using at least two magnetic tunnel junctions, 
writable together into said state, according to 
magnetic stimuli applied thereto via said at 
least one electrode. 

13. The method of claim 12, wherein the at least two 
magnetic tunnel junctions are arranged in series be- 
tween first and second electrodes of the at least one 
electrode to accept the magnetic stimuli therefrom. 

14. The method of claim 12, wherein the at least two 
magnetic tunnel junctions are arranged in parallel 
between first and second electrodes of the at least 
one electrode to accept the magnetic stimuli there- 
from. 

1 5. The method of claim 1 2, wherein each of the at least 
two magnetic tunnel junctions includes: 

a first region having a reference direction of 
magnetization; and 

a second region having a direction of magneti- 
zation changeable according to the magnetic 
stimuli applied thereto. 

16. A method for forming a nnagnetic device, compris- 
ing: 

providing at least one electrode; and 
forming said magnetic device proximate said at 
least one electrode, the magnetic device in- 
cluding at least two magnetic tunnel junctions 
therein, writable together into an average state, 
according to magnetic stimuli applied thereto 
via the at least one electrode. 

17. The method of claim 16, wherein the step of forming 
the magnetic device comprises: 



18. The method of claim 1 6, wherein the step of forming 
the magnetic device comprises: 

forming the at least two magnetic tunnel junc- 
s tions in parallel between first and second elec- 

trodes of the at least one electrode to accept 
the magnetic stimuli therefrom. 

1 9. The method of claim 1 6, wherein the step of forming 
10 the magnetic device comprises: 

forming a first region in each of the at least two 
magnetic tunnel junctions, the first regions 
each having a reference direction of magneti- 
cs zation; and 

forming a second region in each of the at least 
two magnetic tunnel junctions, the second re- 
gbns each having a direction of magnetization 
changeable according to the magnetic stimuli 
20 applied thereto. 

20. The method of claim 1 9. wherein the first region of 
each of the at least two magnetic junctions Is formed 
from a single, cohesive magnetic region having said 

2S reference direction of magnetization. 

21. The method of claim 19, wherein the second re- 
gions of each of the at least two magnetic tunnel 
junctions are formed to be mutually magnetically 

30 decoupled from each other. 

22. The method of claim 21, wherein the second re- 
gions of the at least two magnetic tunnel junctions 
are formed as respective layers arranged co-planar 

35 to each other and separated by a magnetically in- 
sulating material. 

23. The method of claim 21 , wherein the second region 
of each of the at least two magnetic tunnel junctions 

40 is formed as a magnetic granule. 

24. The method of claim 23, wherein the step of forming 
a second region in each of the at least two magnetic 
tunnel junctions comprises patteming the second 

45 regions together out of a magnetic media having 
multiple magnetic granules therein, each magnetic 
granule forming a respective second region. 

25. A method for forming a magnetic memory array 
50 comprising: 

providing a plurality of first conductive lines, 
and a crossing plurality of second conductive 
lines, thereby fomning a plurality of intersecting 
regions across the array; and 
forming a magnetic memory ceil at one inter- 
secting region of the plurality of intersecting re- 
gions, the magnetic memory cell including at 



forming the at least two magnetic tunnel junc- 55 
tions in series between respective first and sec- 
ond electrodes of the at least one electrode to 
accept the magnetic stimuli therefrom. 
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least two magnetic tunnel junctions therein, wri- 
table together into an average state, according 
to magnetic stimuli applied thereto via the re- 
spective first and crossing second lines forming 
said one intersecting region. 5 
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